Introduction
============

The major histocompatibility complex class I--related receptor FcRn traffics IgG across polarized epithelial cells that line mucosal surfaces, affecting immune surveillance and host defense ([@bib2]; [@bib57], [@bib58]). Unlike the polymeric Ig receptor (pIgR) that mediates the polarized secretion of dimeric IgA (dIgA), FcRn moves IgG in both directions across epithelial barriers to provide a dynamic exchange between circulating and lumenal IgG at mucosal sites ([@bib10]; [@bib7], [@bib6]). Uniquely, FcRn is one of the few proteins to move inward from the apical to basolateral membrane by transcytosis, a pathway poorly understood but highly significant for the absorption of environmental antigens and microbial products. Another hallmark of FcRn function is that the receptor sorts IgG away from lysosomes, explaining why IgG has the longest half-life of any circulating serum protein and allowing for the development of durable protein therapeutics that interact with the receptor ([@bib16]; [@bib21]; [@bib22]; [@bib2]; [@bib13]; [@bib55]; [@bib31]). How FcRn sorts IgG between apical and basolateral cell surfaces of epithelial cells to accomplish these functions remains poorly understood.

FcRn is a heterodimer composed of a glycosylated heavy chain associated with β2-microglobulin. Binding of IgG to FcRn requires contact between the Fc domain of IgG and the extracellular heavy chain of FcRn ([@bib3]; [@bib30]). Unlike the other Fcγ receptors, FcRn shows high-affinity binding for IgG only at an acidic pH ([@bib39]; [@bib38]).

The pathway for transcytosis across polarized epithelial cells is best understood for pIgR ([@bib1]; [@bib40]). pIgR binds dIgA on the basolateral membrane and carries it sequentially into the early basolateral endosome, the recycling endosome (RE; sometimes termed the common RE in polarized cells), and finally to the apical cell surface, where the receptor is cleaved for release into the lumen as secretory IgA. The RE is an operationally defined sorting compartment (for reviews see [@bib20]; [@bib28]; [@bib50]) that harbors the bulk of FcRn in nonpolarized cells ([@bib56]). In nonpolarized cells, the RE is a major site for recycling of apo-transferrin (Tf) by the Tf receptor (Tf-R), and this is dependent on the small GTPase Rab11a ([@bib49]). In polarized epithelial cells, the RE defines a common site for recycling ligands internalized via the apical and basolateral membranes ([@bib33]; [@bib54]) and for transcytosis of dIgA by pIgR ([@bib5]; [@bib42]; [@bib48]).

Transcytosis of dIgA by pIgR from the basolateral membrane to the apical membrane requires sorting steps regulated by the small GTPases Rab11 and Rab25, and on the actin-based motor myosin Vb (MyoVb); but these proteins, including Rab11a, are not required for recycling Tf from the RE back to the basolateral membrane ([@bib5]; [@bib54]). This led to the concept of a separate endosomal compartment in polarized cells termed the apical RE (ARE), which is typified by the trafficking of protein and lipid cargoes to and from the apical membrane, but excluding vesicular traffic to the basolateral membrane ([@bib1]; [@bib5]; [@bib54]; [@bib25]; for review see [@bib51]). The physiological significance of the apical recycling pathway is emphasized by its role in regulating cell and tissue function ([@bib14]; [@bib5]; [@bib54]; [@bib45]; [@bib44]), and in the biogenesis and maintenance of the apical membrane in intestinal cells ([@bib32]) and hepatocytes ([@bib52]). Still, the existence of such a compartment dedicated to apical membrane traffic remains unclear, and the results of most studies on this pathway are also consistent with apically directed sorting emanating from structurally heterogeneous and functionally distinct domains of the RE ([@bib42]; [@bib53]; [@bib50]).

Here, we study what defines the polarity of transport for FcRn across polarized epithelial cells. Because the ARE components MyoVb, Rab11a, and Rab25 appear to regulate trafficking toward the apical membrane only, FcRn--IgG complexes moving across the cell in the reverse direction would be predicted to avoid these sorting steps, thus establishing polarity for basolaterally directed transport in a bidirectional pathway. Our results show, however, that MyoVb and Rab25 regulate a sorting step that is rate-limiting and specific to transcytosis in both directions without affecting the recycling pathways. This is not consistent with a separate endosomal compartment restricted to trafficking with the apical membrane. Rather, our data provide evidence for a single structurally and functionally heterogeneous RE that functions to sort FcRn among distinct recycling and transcytotic pathways, both differentiating between transport to apical and basolateral cell surfaces.

Results
=======

We prepared MDCK cells stably coexpressing the human β~2~m and the FcRn heavy chain fused at the N terminus to the hemaglutinin epitope HA, with or without EGFP at the C terminus. All cell lines also contained the tetracycline-dependent cis repressor. To assess FcRn function in IgG transport, we used a recombinant IgG against the hapten 4-hydroxy-3-iodo-5-nitrophenylacetyl (NIP) as a ligand (NIP-IgG; [@bib6]; [@bib11]). To confirm specificity for FcRn, we used a mutant IgG containing inactivating mutations in the FcRn-binding site (NIP-IgG-IHH; [@bib43]). In this assay, NIP-IgG was applied to either surface of MDCK monolayers at 37°C, and transepithelial transport was measured in the contralateral reservoir by NIP-specific ELISA. Because low levels of FcRn-EGFP are expressed at the cell surface, this assay allows for pulse chase studies only after initially loading cells with IgG at 37°C, which is consistent with our previous studies using wild-type FcRn ([@bib6]) and with what has been recently documented in endothelial cells ([@bib17]).

MDCK cells expressing the fusion protein FcRn-EGFP transported IgG but not the mutant IgG-IHH in both directions across the monolayer ([Fig. 1 a](#fig1){ref-type="fig"}). Trafficking by FcRn was confirmed morphologically using Alexa Fluor 647--labeled Igs. Only wild-type IgG was taken up by the cells from either cell surface ([Fig. 1 b](#fig1){ref-type="fig"}), and this fraction was closely associated with FcRn-EGFP, as assessed by immunofluorescence, and quantified ([Fig. 1 c](#fig1){ref-type="fig"}; see Materials and methods and the immediately following paragraph, mean M~target\ protein~ = 0.95 and 0.98). We quantified compartments occupied by both proteins in 3D at steady-state by first identifying FcRn-EGFP-- and IgG-containing objects using an automatic threshold-finding algorithm (Volocity, see Materials and methods; [@bib8]), then analyzing the colocalization between FcRn-EGFP and IgG using the Manders colocalization coefficient (termed M~target\ protein~). The Manders coefficient measures the strength of colocalization on a scale from 0 to 1, with 0 indicating no colocalizing signals and 1 indicating perfect colocalization. The distribution of Manders coefficients for each object is displayed as a scatter plot using 3D data obtained from multiple cells and independent experiments as indicated. All further colocalization studies were performed using the same method. In cells fixed at steady-state or imaged live over time, FcRn-EGFP and the lysosomal markers LAMP1 ([Fig. 1 f](#fig1){ref-type="fig"} and [Video 1](http://www.jcb.org/cgi/content/full/jcb.200809122/DC1)) or Lysotracker (not depicted) occupied almost completely different structures (mean M~target\ protein~ = 0.02). Thus, the C-terminal fusion of EGFP to FcRn did not disrupt the specificity for trafficking IgG in the transcytotic pathway or for the normal sorting of IgG away from lysosomes.

![**The fusion protein FcRn-EGFP transports IgG normally in polarized MDCK cells.** (a) FcRn-EGFP--mediated transcytosis of NIP-IgG (shaded bars) or mutant NIP-IgG-IHH (open bars) across MDCK cell monolayers measured by NIP-specific ELISA, as described in Materials and methods. Results shown are mean ± SD (*n* = 4; ANOVA of IgG vs. IHH, P \< 0.0002). (b) FcRn-EGFP mediates endocytosis of Alexa Fluor 647--IgG but not Alexa Fluor 647--IgG--IHH from either apical and basolateral surfaces of polarized MDCK cell monolayers, as assessed by confocal microscopy. Intensity scale bars shown demonstrate that images between IgG and IHH were equally contrasted. Bar, 5 µm. (c) IgG is present in FcRn-containing compartments. Cells were incubated with Alexa Fluor 647--IgG as described in panel b and imaged by 3D confocal microscopy. Compartments occupied by both proteins were quantified by first identifying FcRn-EGFP-- and IgG-containing objects using an automatic threshold-finding algorithm, and analyzing the colocalization between FcRn-EGFP and IgG using the Manders colocalization coefficient (termed M~target\ protein~, see Materials and methods). The distribution of colocalization M~target\ protein~ for IgG (Target protein) in each FcRn-identified object (Compartment) is shown (data were collected from 40--50 cells of three independent experiments). The horizontal bars indicate a mean M~target\ protein~ of 0.95 and 0.98 for apically applied IgG (ap IgG) and basolaterally applied IgG (bs IgG), respectively. (d) FcRn-EGFP recycles NIP-IgG (shaded bars) or NIP-IgG-IHH (open bars) after endocytosis from either the apical or basolateral surfaces. In brief, as described in Materials and methods, FcRn-EGFP cell monolayers were incubated with NIP-IgG or the IHH mutant at acidic pH to allow uptake from either cell surface for 1 h. IgG bound at the plasma membrane was removed by washing cells at neutral pH at 4°C. The monolayers were then returned to 37°C and chased for an additional hour in fresh buffer lacking IgG. Results shown are mean ± SD (*n* = 4, ANOVA for IgG vs. IHH, P \< 0.03). (e) Time course of FcRn-EGFP--mediated NIP-IgG basolateral-to-apical transcytosis, recycling, and cell-associated IgG. Individual monolayers were loaded with NIP-IgG or the IHH mutant for 1 h, and surface IgG was stripped at 4°C. The monolayers were then returned to fresh buffer at 37°C and chased for the indicated times to measure recycling (closed triangles), transcytosis (squares), and total IgG cell-associated content (diamonds). Recycling of NIP-IgG-IHH to the basolateral membrane is also shown as control (open triangles). A representative experiment where each point represents the mean of three separate measurements is shown. Error bars indicate the SD of three independent experiments. (f) FcRn is mostly excluded from the lysosomal compartment. Polarized cells were fixed and immunostained for LAMP1. The distribution of colocalization M~target\ protein~ for FcRn (Target Protein) in each LAMP1-identified object (Compartment) is shown. The horizontal bar indicates mean M~target\ protein~ = 0.02.](JCB_200809122_GS_Fig1){#fig1}

FcRn-EGFP also recycled IgG from the endosomal compartment back to either apical or basolateral membranes. Here, we incubated FcRn-EGFP cell monolayers with NIP-IgG or the IHH mutant at acidic pH to allow uptake from either cell surface. After 1 h, the cell monolayers were cooled on ice and washed at neutral pH to strip IgG bound at the plasma membrane. The cells were then returned to 37°C and chased for an additional hour in fresh buffer lacking IgG. FcRn-EGFP cells recycled IgG but not IgG-IHH from both cell surfaces, with a greater mass of IgG recycled via the apical membrane ([Fig. 1 d](#fig1){ref-type="fig"}). In such pulse-chase studies, we observed progressively increasing transcytosis and recycling of IgG from the basolateral surface, with a corresponding decrease in the intracellular content of IgG over time ([Fig. 1 e](#fig1){ref-type="fig"}, closed symbols). About 40% of internalized IgG is delivered to the contralateral reservoir, and 50% was recycled after 1 h of loading. Uptake and transport of IgG-IHH was extremely low, showing specificity for FcRn-dependent transport ([Fig. 1 e](#fig1){ref-type="fig"}, open triangles). These data validate the MDCK/FcRn-EGFP cell as a model for studies on FcRn function.

FcRn traffics IgG into the common RE
------------------------------------

To test whether FcRn is found in the RE of polarized cells, we first examined fixed FcRn-EGFP--expressing cells immunostained for Tf-R by confocal microscopy in 3D, and analyzed them as described for [Fig. 1](#fig1){ref-type="fig"}. Nearly all of the Tf-R--defined structures contained FcRn-EGFP throughout the volume of the vesicles analyzed ([Fig. 2, a and b](#fig2){ref-type="fig"}, left, mean M~target\ protein~ = 0.97). In contrast, FcRn-defined structures showed a far more varied distribution of overlap with Tf-R ([Fig. 2 b](#fig2){ref-type="fig"}, right, mean M~target\ protein~ = 0.64). These results are consistent with the presence of FcRn in apical early endosomes that lack Tf-R, as well as in the basolateral early endosomes and REs that are typified by Tf-R content ([@bib53]). Nearly identical results were obtained in cells expressing FcRn lacking GFP (unpublished data; and see [@bib7]).

![**FcRn transports IgG into the common endosome.** Compartments from 15--40 FcRn-EGFP polarized cells from 3D confocal images were analyzed for content of indicated markers as described in [Fig. 1](#fig1){ref-type="fig"} and the Materials and methods section. Representative images are shown in panels a, c, and e. Panels b, d, and f show quantification of each analysis, with the number of objects studied indicated. Horizontal bars in the graphs indicate mean M~target\ protein~. (a and b) Compartments masked for FcRn-EGFP or Tf-R show a fraction of endosomes containing both molecules. (c and d) Compartments masked for FcRn-EGFP show a fraction containing IgG internalized from both apical and basolateral membranes. Alexa Fluor 568--IgG and Alexa Fluor 647--IgG were applied to apical or basolateral membranes for 1 h, respectively. (e and f) Compartments masked for FcRn-EGFP show a fraction containing IgG internalized from the apical membrane and Tf internalized from the basolateral membrane. Alexa Fluor 568--IgG and Alexa Fluor 647--Tf were applied to apical or basolateral membranes for 1 h, respectively. In a, c, and e, the panels to the right show enlarged views of the boxed portions on the left. Circles highlight the same object in each panel. Bars, 10 µm.](JCB_200809122_RGB_Fig2){#fig2}

We next tested if FcRn carries IgG from both cell surfaces into a common RE compartment. For this study, we used FcRn-EGFP cells incubated simultaneously with apically and basolaterally applied IgG (Ap-IgG and Bs-IgG, respectively) labeled with different fluorophores. Fixed cells were imaged by 3D confocal microscopy, and analyzed as described ([Fig. 2, c and d](#fig2){ref-type="fig"}). After 60 min of uptake, 78% of FcRn-EGFP--defined structures contained some Ap-IgG ([Fig. 2 d](#fig2){ref-type="fig"}, left, mean M~target\ protein~ = 0.58; and [Fig. 2 f](#fig2){ref-type="fig"}, left), with a fraction of these objects (37%) colocalizing almost completely with Ap-IgG. A minor fraction (22%) had no detectable Ap-IgG content, which was consistent with lower levels of IgG uptake from the apical cell surface, or with endosomal compartments that contain FcRn but are inaccessible to Ap-IgG. In contrast, almost all FcRn-EGFP--defined structures were occupied by basolaterally applied Bs-IgG ([Fig. 2 d](#fig2){ref-type="fig"}, middle, mean M~target\ protein~ = 0.995). When FcRn-EGFP--defined structures were analyzed for Ap- and Bs-IgG together, thus marking the common RE as operationally defined, two populations were identified. One contained both Ap- and Bs-IgG together, and the minor fraction (11%) did not, presumably representing basolateral early endosomes loaded with Bs-IgG only ([Fig. 2 d](#fig2){ref-type="fig"}, right; and inferred from data in [Fig. 2 d](#fig2){ref-type="fig"}, left and middle). Nearly the same results were obtained in cells incubated with IgG for only 15 min, which indicates that transport into a common compartment occurs rapidly.

We also measured FcRn trafficking into the RE using Alexa Fluor--labeled Tf to mark the compartment. Here, we allowed FcRn-EGFP cells to internalize IgG from the apical membrane (Ap-IgG) and Tf from the basolateral membrane. After 60 min of uptake, almost all FcRn-EGFP--defined structures contained a fraction of both proteins, but the degree of colocalization was widely varied and often low ([Fig. 2, e and f](#fig2){ref-type="fig"}, left, mean M~target\ protein~ = 0.255). Some of these structures (22%), however, showed strong overlap ([Fig. 2 b](#fig2){ref-type="fig"}, right). When analyzed in reverse, by masking the Tf-defined structures and measuring colocalization with IgG and FcRn-EGFP, we find that almost all Tf-defined structures strongly overlapped with FcRn-EGFP, and all contained Ap-IgG ([Fig. 2 f](#fig2){ref-type="fig"}, middle and right, mean M~target\ protein~ = 0.985 and 0.805, respectively). Nearly identical results were obtained for cells incubated with both proteins for only 15 min (unpublished data). Thus, FcRn rapidly carries IgG from either apical and basolateral cell surfaces into a common RE.

MyoVb dominant-negative mutant blocks FcRn-dependent IgG transcytosis but not recycling
---------------------------------------------------------------------------------------

In addition to the common RE, a specialized endosome termed the ARE has been proposed to regulate trafficking to and from the apical cell surface only. One of the components thought to regulate the ARE is the motor protein MyoVb. Thus, to test whether the ARE functions to establish the polarity of transport for FcRn in the apically directed pathway, we inhibited MyoVb. To do this, we prepared stable clones of tetracycline repressor (TetR)-FcRn MDCK cells conditionally expressing a dominant-negative mutant MyoVb that lack the motor domain (MyoVb-tail) fused to EGFP. This dominant-negative mutant causes the aggregation of endosomes and disruption of protein trafficking out of the ARE ([@bib26]). In the absence of doxycycline, the cells did not express MyoVb tail at detectable levels, as assessed by immunoblotting using antibodies against EGFP or by 3D confocal microscopy ([Fig. 3 a](#fig3){ref-type="fig"}, lanes 1 and 2; microscopy data not depicted). Cells treated with doxycycline expressed the MyoVb tail ([Fig. 3 a](#fig3){ref-type="fig"}, lanes 3 and 4), which induced the collapse of a Rab11a-containing compartment into a dense apically located structure that excluded the Tf-R; this is consistent with the ARE as operationally defined ([Fig. 3 b](#fig3){ref-type="fig"}). When tested functionally, expression of the MyoVb tail inhibited FcRn-dependent IgG transcytosis by ∼40% in both directions ([Fig. 3 c](#fig3){ref-type="fig"}). Recycling of IgG after apical or basolateral uptake, however, was not affected by expression of the MyoVb tail ([Fig. 3 d](#fig3){ref-type="fig"}, shaded bars), and neither was FcRn-mediated endocytosis ([Fig. 3 e](#fig3){ref-type="fig"}, shaded bars, compare + and −dox). In all assays, little or no transport of the mutant IgG-IHH was detected under any condition, which confirmed the specificity for FcRn-dependent transcytosis, endocytosis, and recycling ([Fig. 3, c--e](#fig3){ref-type="fig"}, open bars). Endocytosis of IgG at shorter time points was below detectable levels, as we have observed previously ([@bib6]).

![**Overexpression of MyoVb tail blocks FcRn-dependent IgG transcytosis but not recycling.** All experiments were performed in MDCK cells stably expressing a tetracycline-inducible EGFP--MyoVb tail and FcRn-HA. (a) Doxycycline induces expression of EGFP--MyoVb tail in nonpolarized (lanes 1 and 3) and polarized cells (lanes 2 and 4), as measured by SDS-PAGE and immunoblotting using monoclonal antibodies against EGFP. The bottom shows corresponding actin immunoblotting. \*\*, cross-reacting protein band insensitive to doxycycline treatment. Numbers to the left indicate kD. (b) Doxycycline-induced expression of EGFP--MyoVb tail collapses Rab11-containing endosomes into a dense apical structure consistent with the ARE. The induced structure does not contain Tf-R. Polarized cells treated with doxycycline were fixed and immunostained for Rab11 and Tf-R. Bar, 10 µm. (c) Doxycycline-induced expression of EGFP--MyoVb tail inhibits transcytosis of NIP-IgG (shaded bars) in both directions as measured by ELISA; results are mean ± SD (*n* = 5). NIP-IgG-IHH (open bars) was used as control for nonspecific transport. \*, P \< 0.001. (d) Doxycycline-induced expression of EGFP--MyoVb tail has no detectable effect on recycling of NIP-IgG (shaded bars) to either apical or basolateral cell surfaces as measured by ELISA; results are mean ± SD (*n* = 3). NIP-IgG-IHH (open bars) is used as a control for nonspecific transport. (e) Doxycycline-induced expression of EGFP--MyoVb tail has no detectable effect on endocytosis of Nip-IgG (shaded bars) from either apical or basolateral membranes. Cells kept on ice (time 0) or incubated with NIP-IgG-IHH (open bars) provide control for nonspecific transport. A representative study with three independent measurements for each point is shown. Error bars indicate the SD of three independent experiments. (f) Doxycycline-induced expression of EGFP--MyoVb tail does not divert FcRn to the lysosomal compartment. Polarized cells treated or not treated with doxycycline were fixed and immunostained for FcRn (HA staining) and LAMP1. The distribution of colocalization of FcRn with LAMP1 was quantified using the Manders coefficient as described (see main text and Materials and methods). Horizontal bars in the graphs indicate that mean M~target\ protein~ equals 0.04 and 0.08 for +Dox and −Dox, respectively.](JCB_200809122_GS_Fig3){#fig3}

Though transcytosis was inhibited, expression of the EGFP--MyoVb tail did not alter the level of FcRn expression as assessed by immunoblotting of total cell lysates ([Fig. S2 a](http://www.jcb.org/cgi/content/full/jcb.200809122/DC1)), or the level of basolateral polarity of FcRn expression at apical or basolateral membranes at steady-state as assessed by selective cell surface biotinylation (see Materials and methods and Fig. S2 b). Specificity for labeling only apical or basolateral membrane FcRn was demonstrated by analyzing for the apical membrane protein GP135 and the basolateral membrane protein E-cadherin (Fig. S2 c).

Expression of MyoVb tail, however, did cause a fraction of FcRn to condense along with MyoVb into an apically located structure consistent with the ARE ([Fig. 4 a](#fig4){ref-type="fig"}), as described in pIgR transport pathways. To test if FcRn also carried IgG into this structure, we allowed FcRn-expressing MDCK cells to internalize Alexa Fluor 568-- or Alexa Fluor 647--IgG from apical or basolateral membranes, respectively, and analyzed for colocalization with the MyoVb tail--induced compartment. Starting 15 min after uptake, a progressively greater fraction of apically applied IgG or basolaterally applied IgG was found colocalized with MyoVb tail ([Fig. 4 b](#fig4){ref-type="fig"}, compare scatter plots on the left, middle, and right over time). Thus, IgG internalized by FcRn from both cell surfaces populates the MyoVb tail--induced compartment, which is consistent with a regulatory effect of the MyoVb tail on trafficking into or out of this structure ([@bib26]). Overexpression of the MyoVb tail, however, had only a small effect, if any, on lysosomal transport as assessed by immunostaining for FcRn and LAMP1 ([Fig. S1](http://www.jcb.org/cgi/content/full/jcb.200809122/DC1)). Here, the distribution of FcRn-defined objects colocalizing with LAMP1 is uniformly very low ([Fig. 3 f](#fig3){ref-type="fig"}, mean M~target\ protein~ = 0.04 and 0.08 for −Dox and +Dox, respectively).

![**FcRn transports IgG through the MyoVb tail--induced compartment.** (a) FcRn partially localizes with the EGFP--MyoVb tail, as assessed in fixed cells stained for FcRn-HA. (b) Time course studies show that IgGs entering cells from apical or basolateral surfaces eventually accumulate in the EGFP--MyoVb tail--induced compartment. Alexa Fluor 568--IgG and Alexa Fluor 647--IgG were added at the apical and basolateral reservoirs, respectively; cells were incubated for 5, 15, 30, or 60 min, then fixed and imaged by confocal microscopy. Objects were defined based on the intensity of the EGFP--MyoVb tail; then, the colocalization of apically applied IgG (ap IgG), basolaterally applied IgG (bs IgG), or both IgGs was measured and quantified as described (see Materials and methods). In the micrographs, the panels on the right show enlarged views of the boxed portions on the left. The horizontal bars in the graphs indicate mean M~target\ protein~. Bars, 10 µm.](JCB_200809122_RGB_Fig4){#fig4}

These studies show that MyoVb regulates a sorting step emerging from the RE that is rate-limiting for transcytosis of FcRn in both directions across polarized epithelial cells. These results are not consistent with MyoVb regulating traffic through an endosomal compartment restricted to trafficking with the apical membrane, as operationally defined for the ARE. We also find that inhibition of transcytosis by the MyoVb mutant does not increase recycling of FcRn or transport to the lysosome, which indicates that these trafficking pathways are distinct and do not interact.

FcRn-mediated transcytosis depends on Rab25 and basolateral recycling on Rab11a
-------------------------------------------------------------------------------

Both Rab25 and Rab11a interact with the myosin motor MyoVb, and like MyoVb, they functionally affect trafficking of pIgR through the ARE to the apical membrane ([@bib5]; [@bib53]). We separately silenced these genes in FcRn-EGFP cells by conditional expression of small hairpin RNA (shRNA) specific to either Rab11a or Rab25 mRNA. Doxycycline-induced expression of shRNA against these proteins caused almost complete silencing of gene expression, as assessed by RT-PCR for Rab25 ([Fig. 5 a](#fig5){ref-type="fig"}) and immunoblotting for Rab11a ([Fig. 5 b](#fig5){ref-type="fig"}). Neither cell surface and total expression of FcRn-EGFP nor monolayer polarity and tight junction integrity were affected (Fig. S2, a--c). Gene silencing of Rab25 and Rab11a also had no effect on FcRn-dependent transport of Ap-IgG into REs, as assessed by colocalization with internalized Tf ([Fig. 5, c and d](#fig5){ref-type="fig"}) and by colocalization with basolaterally internalized IgG (not depicted).

![**Rab25 regulates a sorting step that specifies transcytosis, whereas Rab11a regulates recycling in the basolateral pathway only.** All experiments use doxycycline-induced shRNA against Rab25 (left panels) or Rab11a (right panels) in polarized FcRn-EGFP cells. (a) shRNA against Rab25 suppresses gene expression as assessed by RT-PCR. (b) shRNA against Rab11a suppresses gene expression as assessed by SDS-PAGE and immunoblotting. Numbers on the left indicate kD. (c and d) Gene suppression of Rab25 (c) or Rab11a (d) does not alter trafficking of FcRn--IgG complexes into the common RE. Alexa Fluor 568--IgG was applied apically and Alexa Fluor 647--Tf was applied basolaterally for 60 min; they were then fixed and imaged by confocal microscopy. Scatter plots show the degree of colocalization of IgG with Tf. The horizontal bars in the graphs indicate mean M~target\ protein~. (e and f) Gene suppression of Rab25 (e) but not Rab11a (f) inhibits transcytosis of NIP-IgG (shaded bars) in both directions across the cell. NIP-IgG-IHH is used as control. Results are mean ± SD. (e, *n* = 6; f, *n* = 4). (g and h) Gene suppression of Rab11a inhibits NIP-IgG (shaded bars) recycling in the basolateral direction only. NIP-IgG-IHH (open bars) is used as control. Results are mean ± SD (*n* = 4). \*, P \< 0.001. (i and j) Doxycycline-induced silencing of Rab25 or Rab11a does not divert FcRn to the lysosomal compartment. Polarized cells treated or not treated with doxycycline were fixed and immunostained with LAMP1. The degree of colocalization of FcRn with LAMP1 was estimated using the Manders coefficient as described (see Materials and methods). Bar indicates mean M~target\ protein~.](JCB_200809122R_GS_Fig5){#fig5}

Gene suppression of Rab25 in FcRn-EGFP cells, however, inhibited IgG transcytosis in both directions by 25--50%, with a greater degree of inhibition in the apical-to-basolateral pathway ([Fig. 5 e](#fig5){ref-type="fig"}). Recycling was not detectably affected for IgG entering the cell from either cell surface ([Fig. 5 g](#fig5){ref-type="fig"}), and lysosomal transport was not affected, as assessed by colocalization with LAMP1 at steady-state ([Fig. 5 i](#fig5){ref-type="fig"}, mean M~target\ protein~ = 0.04 and 0.02 for −Dox and +Dox, respectively; and see Fig. S1 for original micrographs). These results recapitulate our results using MyoVb tail ([Fig. 3, c and d](#fig3){ref-type="fig"}) and further suggest that the transcytotic, lysosomal, and recycling pathways are distinct.

In contrast to Rab25, gene suppression of Rab11a had no detectable effect on IgG transcytosis ([Fig. 5 f](#fig5){ref-type="fig"}). However, depletion of Rab11a inhibited FcRn-dependent recycling of IgG to the basolateral membrane ([Fig. 5 h](#fig5){ref-type="fig"}, compare shaded bars, basolateral −dox and +dox, 40% inhibition). Recycling to the apical membrane was not affected ([Fig. 5 h](#fig5){ref-type="fig"}, apical). As with Rab25, lysosomal transport was not affected by silencing Rab11a, as assessed by very low levels of colocalization between FcRn and LAMP1 in cells treated or not treated with doxycycline ([Fig. 5 j](#fig5){ref-type="fig"}, mean M~target\ protein~ = 0.03 and 0.02 for −Dox and +Dox, respectively; see Fig. S1 for original micrographs). Thus, Rab11a regulates a sorting step for recycling FcRn to the basolateral membrane, but it is dispensable for transcytosis.

Because such inhibition of basolateral recycling pathways by Rab11a was not predicted by the results of previous studies on the Tf-R ([@bib54]), we also examined Tf recycling. Here, to ensure specificity for the Tf-R pathway, we transiently expressed the human isoform of Tf-R in EGFP-FcRn MDCK cell monolayers and conditionally silenced Rab11a or Rab25 as described in the preceding section. Basolateral recycling of ^125^I-labeled Tf or Alexa Fluor--labeled Tf was assessed by loading the RE with Tf for 90 min at 18°C, washing the cells at low pH at 4°C to dissociate Tf bound to the cell surface, and chasing the monolayers with unlabeled Tf in fresh buffer at 37°C as described previously ([@bib42]). The time course for recycling to the basolateral membrane was measured by quantitative microscopy (unpublished data) or by gamma counting of samples taken at the indicated times from the basolateral reservoir. Transcytosis of \[^125^I\]Tf to the apical membrane was assessed by sampling the apical reservoir, and cell-associated Tf was assessed by gamma counting the entire monolayer at the end of the experiment. The results show by both methods that silencing Rab11a or Rab25 had no detectable effect on the rate of Tf recycling (radioisotope studies are shown in [Fig. S3](http://www.jcb.org/cgi/content/full/jcb.200809122/DC1)). These results are consistent with previous studies on Tf that used dominant-negative mutants to inhibit Rab11a function ([@bib54]), but they contrast with our studies on FcRn. Thus, Rab11a appears to act at a specific juncture in the basolateral recycling pathways that affects FcRn but not Tf-R transport. This result is consistent with the differential recycling of Tf-R and glucose transporter Glut4 from the RE in CHO cells ([@bib24]), and provides further evidence for the presence of separate recycling pathways originating from the same endosomal compartment.

Discussion
==========

This study shows that the RE in polarized cells sorts FcRn to both cell surfaces via distinct recycling and transcytosis pathways. We conclude this based on our observation that FcRn localizes to the RE, and that MyoVb and Rab25 regulate a sorting step that specifies transcytosis for FcRn in both directions without affecting their recycling. Rab11a, however, perhaps the most well-characterized regulator of the RE, is dispensable for transcytosis of FcRn, and affects receptor-mediated recycling of IgG only in the basolateral pathway. Because blocking the MyoVb and Rab25 sorting steps does not reverse transport back to the membrane of origin, it appears that the epithelial cell can somehow distinguish FcRn moving in opposite directions through common endosomal compartments. The same is true for the basolateral recycling pathway; blocking Rab11a does not force IgG--FcRn complexes into vesicles targeted to the apical membrane. These results provide evidence of a structurally and functionally heterogeneous RE acting to sort FcRn and other cargoes among distinct recycling and transcytotic pathways in a strongly polarized manner. Evidence for separate transcytotic and recycling pathways originating from the RE was also recently obtained in studies on the chicken yolk sac IgY receptor expressed in MDCK cells ([@bib46]). In that study, transcytosis of IgY, but not recycling, was dependent on microtubules, which suggests different pathways.

Transit of pIgR through specialized regions of the endosomal compartment during transcytosis has been defined by dependence on MyoVb, Rab25, and Rab11a ([@bib5]; [@bib53]; [@bib25]). All three components act downstream of endocytosis and transport into the basolateral early endosome and common RE, and they are also required for trafficking of pIgR to the apical membrane. Except for the lack of dependence on Rab11a function, our results are consistent with the studies on pIgR. We find, however, that MyoVb and Rab25 regulate transcytosis in both directions across the cell. This is an observation that could never be made in studies on pIgR, which travels physiologically in only one direction across epithelial barriers; and it is the first line of evidence that Rab25 and MyoVb participate in transport of cargo to basolateral membranes. This result does not support the concept of an exclusive endosomal compartment dedicated to apical membrane trafficking (the ARE as currently defined), and it is more consistent with the two-compartment model for endosomal sorting in polarized cells ([@bib42]). Our experimental system is particularly robust in this respect, as we measure trafficking in both directions using the same protein, FcRn. The results of these studies, however, do support the accumulating evidence that the RE contributes significantly to structure and function of the apical membrane in polarized epithelial cells ([@bib14]; [@bib45]; [@bib52]; [@bib44]; [@bib32]). MyoVb and Rab25 also affect transport of FcRn to the opposite basolateral membrane, which is consistent with the concept of a structurally and functionally heterogeneous RE regulating membrane transport to both cell surfaces.

Why the transcytosis of FcRn to the apical membrane differs from pIgR and does not require Rab11a might be explained by recent studies on the domain structure of the Rab11a- and MyoVb--interacting protein Rab11-FIP2. Different mutations in Rab11-FIP2 affected the transcytotic pathway for IgA in different ways, which suggests multiple sorting steps for transcytosis in the basolateral-to-apical direction for pIgR ([@bib12]). It is possible that FcRn takes one pathway and pIgR another.

We also find that in contrast to pIgR, FcRn does not recycle via endocytic compartments regulated by MyoVb and Rab25. For recycling to the basolateral membrane, FcRn uses a pathway dependent on Rab11a, apparently originating from the RE and distinct from Tf-R (this paper and [@bib53]). This is consistent with evidence that the RE can differentially sort membrane proteins in the recycling pathway ([@bib24]). Furthermore, such transport to the basolateral membrane via a Rab11a-dependent sorting step in the RE has been described for E-cadherin ([@bib27]; [@bib9]), and it is possible that FcRn uses the same system. MyoVb tail has no effect on E-cadherin trafficking, which is consistent with such a pathway ([@bib73]). FcRn does not require Rab11a for recycling at the apical cell surface, which suggests that this event originates from a different compartment, possibly the apical early endosome, and is perhaps regulated by Rab4 ([@bib56]) or the exocyst complex ([@bib34]). Another possibility is that a small fraction of apical recycling for FcRn also originates from the RE via rab17 ([@bib61]) or Rab11a-FIP5/Rip11--regulated pathways ([@bib35]; [@bib41]), but this is below detection by our methods.

None of the regulatory molecules studied here had effects on sorting steps that protect FcRn from transport into the lysosome. This is understandable if sorting into the lysosomal pathway for FcRn originates from the early endosome upstream of the RE, as for other membrane and soluble proteins ([@bib28]). Under all conditions, we found only a very small fraction of FcRn localized to lysosomal compartments at steady-state, considerably less than that observed for the rat isoform of FcRn expressed in MDCK cells ([@bib47]). Why the human isoform appears to sort more efficiently away from lysosomes remains unexplained for now, but this typifies FcRn function in vivo. The distal cytoplasmic tail domains of human and rat FcRn do not show sequence homology, and perhaps this affects sorting in the lysosomal pathway. A recent paper shows that IgG binding to FcRn diverts a fraction of the IgG--FcRn complex into the lysosome of human endothelial cell line HMEC-1 ([@bib15]). The experiments described in our studies do not address this question, but like [@bib47], we did not find such an effect on IgG binding to human FcRn in MDCK cells (unpublished data).

Overall, the location of FcRn in a common endosome shared with apically and basolaterally internalized cargoes and Tf, and the dependence on MyoVb and Rab25 for FcRn transport, identify the RE as a critical sorting station for both transcytotic pathways in polarized epithelial cells. Perhaps these rate-limiting steps for transcytosis explain why the bulk of FcRn localizes to this compartment at steady-state in epithelial as well as in endothelial cells ([@bib56])). But what, then, are the polarity determinants explaining how FcRn is moved in the correct direction, apical or basolateral, within a common RE? One possibility suggested previously ([@bib42]; [@bib20]; [@bib28]; [@bib48]) is that the RE represents a structurally and functionally heterogeneous compartment, with membrane domains dedicated to receiving and distributing membrane components to one cell surface or the other. In fact, the very first studies describing the RE in polarized cells provide evidence for basolateral polarity in the direction of Tf-R transport through this compartment ([@bib33]), consistent with our results on trafficking FcRn. The structural complexity of the recycling endosomal compartment, which is capable of trafficking FcRn among different pathways, is perhaps most clearly visualized in recent ultrastructural studies on epithelial cells lining the proximal intestine of the neonatal mouse, which are specialized for IgG transport by FcRn ([@bib19]). Here, FcRn is found localized to endosomes of diverse morphology and presumably diverse functions.

Some structural information driving polarity in a bidirectional pathway must also be encoded with FcRn itself or by associated molecules. Apical and basolateral plasma membranes exhibit vast differences in their lipid and protein composition, and this might cause FcRn at the cell surfaces to assemble with different membrane components that affect the direction of transport. Another plausible explanation is that the polarity of transport might be encoded by reversible structural changes in FcRn. Serine/threonine-based motifs present in the FcRn cytoplasmic tail, for example, suggest cycles of phosphorylation and dephosphorylation. Consistent with this idea, [@bib29] have shown in rat kidney cells that mutation of the FcRn cytoplasmic tail at serine 313 inhibits transcytosis of IgG in the apical-to-basolateral direction only. Cross-linking FcRn by IgG can also account for sorting itineraries within the endosomal compartment ([@bib23]; [@bib37]; [@bib47]; [@bib36]), and perhaps this can operate to establish the direction of transport as well. Several mechanisms, of course, might operate in parallel or in sequence. Based on our results, we propose that such sorting events occur via structurally different subdomains in the RE, and that these are the decisive factors explaining how recycling and bidirectional transcytosis of FcRn can be differentially regulated in polarized cells.

Materials and methods
=====================

Plasmids
--------

Monomeric EGFP was fused to the FcRn C terminus with a GSSGSS linker between FcRn and EGFP (pcDNA3.1; Invitrogen). The FcRn-EGFP fusion was transfected into MDCKII cells stably expressing human β~2~M ([@bib7]). Clones were selected using 0.5 mg/ml G418 (Meditech, Inc.). The TetR was cloned from pcDNA6/TR (Invitrogen) into the retroviral vector pQCXiH (Invitrogen) using BsiWI and PacI. pQCXiH-TetR was transfected into Phoenix HEK293 cells using FuGene6 (Roche). Cells were fed after 24 h; medium containing retroviruses was collected 48 h later, then filtered and transfected to either EGFP-FcRn or wild-type FcRn cells. The cells were selected using 200 µg/ml hygromycin (Meditech, Inc.). MyoVb tail was cloned as described previously ([@bib26]). The EGFP--MyoVb tail was inserted into pcDNA4/TO (Invitrogen) under cytomegalovirus promoter containing two tetracycline operon2 sites using NotI and XbaI, and transfected into TetR-FcRn cells using Lipofectamine 2000 (Invitrogen). The cells were selected using 400 µg/ml zeocin (Invitrogen).

Vector-based shRNA gene suppression cloning
-------------------------------------------

The system for conditional shRNA-based knockdown of gene expression in MDCK cells, including the tetracycline-inducible pReSI-H1 vector and the shRNA design protocol, was developed by S.H. Hansen and S.R. Frank. In brief, complimentary 80-bp oligonucleotides containing BamH1 and HindIII overhangs were annealed and inserted into pReSI-H1. Rab11a shRNA: 5′-GCAGTGCTGTCAGAACATATA-3′; Rab25 shRNA: 5′-CTCAAAGGCTAGCTCAACATT-3′. pResI-Rab11a-shRNA or pResI-Rab25-shRNA were then transfected into Phoenix HEK293 cells using FuGene6, and virus-containing medium was used to infect TetR-EGFP-FcRn cells as described previously. The cells were selected using 2.5 mg/ml puromycin (EMD).

Cell culture
------------

Cell culture media was obtained from Invitrogen. Culture dishes and Transwell filter plates were obtained from Corning. To express MyoVb, cells were cultured in a plate for 2 d in the presence of 4 µg/ml doxycycline (Sigma-Aldrich) and then replated into Transwell filters for an additional 3 d in the presence of doxycycline; or, in some experiments, the cells were plated on Transwell filters and treated with doxycycline 24 h after plating. Both methods gave identical results. To induce gene suppression of Rab11a or Rab25, cells were plated into Transwell filters for 4 d in the presence of 4 µg/ml doxycycline. Although it has been shown by dominant-negative inhibition that Rab11a is required for E-cadherin sorting and establishment of polarity ([@bib27]; [@bib9]), the methods we used here by gene silencing after plating cells at near confluency allow for the formation and maintenance of polarized tight monolayers, as indicated by transepithelial resistance, IgG transport, and selective cell surface biotinylation of apical and basolateral membrane proteins (Fig. S2).

Antibodies (Ab)
---------------

Human IgG was obtained from Lampire Biological Laboratories, and was labeled with Alexa Fluor 568 or 647 using molecular probe kits (Invitrogen) according to the manufacturer\'s instructions. HRP-conjugated goat anti--human IgG was obtained from Jackson ImmunoResearch Laboratories. Monoclonal Ab 12CA5, which is reactive against the HA epitope, has been described previously ([@bib7]). High-affinity rat anti-HA mAb was obtained from Roche. Mouse mAbs against β-actin and HRP-conjugated secondary antibodies were obtained from Sigma-Aldrich. Rab11 antibodies (mono- and polyclonal) have been described previously ([@bib18]). Tf-R mAbs and Rab11 polyclonal Ab were obtained from Invitrogen. LAMP1 mAb was a gift of E. Rodriguez-Boulan (Cornell University, New York, NY). Alexa Fluor--conjugated secondary antibodies were obtained from Invitrogen.

RT-PCR
------

Polarized cells were grown on Transwell filters, untreated or treated for 4 d with 4 µg/ml doxycycline. The cells were lysed, and total RNA was purified using an SV total RNA isolation kit (Promega). First-strand DNA was synthesized using SuperScript Reverse transcription (Invitrogen) according to the manufacturer\'s instructions. Canine Rab25 PCR was performed using the forward primer 5′-AAGGCTCAGATCTGGGACACA-3′ and the reverse primer 5′-GTGCTGTTCTGCCTCTGCTT-3′, and gave a product of 400 kb.

NiP-IgG purification
--------------------

Recombinant human NIP-specific IgG and NIP-IgG-IHH were produced by J558L myeloma cells and purified from the cell media using affinity chromatography on a NIP-sepharose column (Biosearch Technologies), then eluted with 100 mM ethanolamine and neutralized with 100 mM Tris base, pH 6.8. The eluate was concentrated using Centriprep (Millipore) and dialyzed against PBS.

Transcytosis, recycling, and endocytosis
----------------------------------------

Transcytosis of NIP-IgG or NIP-IgG-IHH across monolayers was performed in triplicate using three independent monolayers as described previously ([@bib6]). In brief, cells were washed with HBSS containing 10 mM Hepes, pH 7.4, serum starved for 20 min, and then washed with HBSS containing 23 mM MES, pH 6.0, for 10 min. 10 µg/ml NIP-IgG or NIP-IgG-IHH was added at either the apical or basolateral chamber at pH 6.0. For transcytosis, the medium in the contralateral chamber was collected after 120 min of continuous uptake at 37°C. In the recycling experiments described in the following paragraph, transcytosis was measured after 60 min of loading.

For recycling, the cells were loaded with IgG from either apical or basolateral cell surfaces. The cells were then washed thoroughly with ice-cold HBSS, pH 7.4, before returning them to fresh HBSS, pH 7.4, at 37°C for an additional 60 min. The media from both reservoirs (apical and basolateral) was collected to measure recycling.

For endocytosis, the cells were incubated with 50 µg/ml antibodies on ice or at 37°C for 30 min. The cells were lysed with RIPA buffer (50 mM Tris base, pH 8.0, 150 mM NaCl, 0.1% SDS, 1% NP-40, and 0.25% sodium deoxycholate). Antibodies in the transcytosis, recycling, and the postnuclear lysate fractions were measured using a NIP-specific ELISA, and the means ± SD were plotted.

Selective cell surface biotinylation
------------------------------------

Selective cell surface biotinylation was performed as described previously ([@bib4]). In brief, cells were washed with ice-cold PBS containing Mg^2+^ and Ca^2+^ (PBS+). The apical or basolateral cell surface was then derivatized (twice for 30 min) using 0.5 mg/ml of the nonmembrane-permeating sulfo--*N*-hydroxysuccinimide--biotin (Thermo Fisher Scientific) twice for 30 min at 4°C, and quenched by PBS+ containing 50 mM NH~4~Cl. RIPA lysates were incubated with avidin-agarose beads. Biotinylated FcRn was detected by anti-HA immunoblotting.

Immunofluorescence, microscopy, and image analysis
--------------------------------------------------

Cells, grown for 4 d on Transwell filters, were fixed with 4% paraformaldehyde (Electron Microscopy Sciences) in PBS for 20 min at 4°C. All remaining steps were performed at room temperature in a humidified chamber. Fixed cells were extensively washed in PBS and permeabilized with 0.2% saponin for 30 min. Nonspecific binding was blocked by incubation with 10% nonimmune goat serum for 30 min (VWR International, LLC). All antibody incubations were performed in the presence of 10% nonimmune goat serum and 0.2% saponin. Alexa Fluor--conjugated, species-specific goat secondary antibodies were diluted at 1:200. The membranes were cut and then mounted using the Prolong Antifade reagent (Invitrogen). 3D images were taken using a spinning disk confocal head (PerkinElmer) coupled to a fully motorized inverted microscope: either an Axiovert 200M (Carl Zeiss, Inc.) or an eclipse TE2000-E (Nikon) equipped with a 100× objective lens (Pan-Apochromat, 1.4 NA; Nikon). A 50-mW solid-state laser (473 and 660 nm \[CrystaLaser\]; 568 nm \[Cobolt\]) coupled to the spinning head through an acoustic-optical tunable filter was used as a light source. The imaging system was operated under the control of SlideBook 4.2 (Intelligent Imaging Innovations Inc.) and included a computer-controlled spherical aberration correction device (Motorized InFocus Device; Infinity Photo-Optical Company and Intelligent Imaging Innovations) installed between the microscope and the confocal head. Images were detected using a back-illuminated charge-coupled device (Cascade 512B; Roper Scientific) or Orca ER (Hammamatsu) camera.

Quantitation of the fraction of a given target protein in a 3D-masked endosomal compartment was determined by the following protocol: (1) Object masks were created by segmenting the compartment\'s marker protein fluorescent intensity above the local background using an automatic and unbiased threshold finder (Volocity; PerkinElmer; [@bib8]). (2) The colocalization coefficients ([@bib90]) were measured within the masked region using Volocity. These coefficients vary from 0 to 1, the former corresponding to nonoverlapping images and the latter reflecting 100% colocalization between both images. (3) The fraction of a protein contained within a defined compartment (termed M~target\ protein~) was defined as the ratio of the summed of pixels intensities (M~target\ protein~) from the green image (e.g., target protein), for which the intensity in the red channel (compartment protein) is within the selected intensity thresholds, over the sum of all pixel intensities from the green image channel above background. Thus, M~target\ protein~ is a good indicator of the proportion of the green signal coincident with a signal in the red channel over its total intensity. In some experiments, live cells expressing EGFP-FcRn were incubated with 66 nM Lysotracker (Invitrogen) to label lysosomes, and colocalization with EGFP-FcRn was analyzed by confocal microscopy in 3D, as described in the previous two paragraphs.

Tf recycling
------------

MDCK cells stably expressing doxycycline-induced expression of shRNA specific to either Rab11a or Rab25 mRNA were transiently transfected with human Tf-R to ensure the specific uptake of human Tf. The next day, transfected cells were plated onto 24-mm Transwell inserts (0.4 mm pore) at confluence, and incubated for 3 d to polarize. Cells were then incubated at 37°C with warmed serum-free media (HBSS, pH 7.4) for 30 min to deplete already internalized Tf from serum, followed by further incubation with 10 µg/ml ^125^I-Tf in HBSS supplemented with 1% BSA added for 90 min at 18°C. Surface-bound ^125^I-Tf was removed by a brief acid wash (pH 6.0, 5 min) at 4°C followed by neutral wash with HBSS, pH 7.4, also at 4°C. A pair of samples for each condition (− or +doxycycline) was immediately lysed to control for internalized ^125^I-Tf. All other samples were incubated with chasing medium consisting of HBSS (pH 7.4) supplemented with 1% BSA, 100 µM desferrioxamine (Sigma-Aldrich), and 100 µg/ml of unlabeled Tf applied to both chambers. Filters were transferred to new wells containing chasing medium every 5 min for a total of 1 h, and 2 ml of basolateral medium was collected for gamma counting. Upper chamber medium was also collected at the end of the chase to measure total transcytosis. Filters were lysed to measure residual internalized ^125^I-Tf.

Statistical analysis
--------------------

Analysis was done with single-factor analysis of variance (ANOVA) to test for significance of IgG and IHH or doxycycline treatment (gene expression or suppression), and to control for the observed interexperiment variation in levels of IgG transport common to all treatment groups, which is due, presumably, to variations in cell culture and passage number.

Online supplemental material
----------------------------

Fig. S1 shows that FcRn sorts away from the lysosome and that neither inhibition of MyoVb nor gene suppression of Rab 25 and Rab11a alters this trafficking. Fig. S2 shows that the expression of a MyoVb mutant or gene suppression of Rab11a or Rab25 has no detectable effect on total and cell surface levels of FcRn. Fig. S3 shows that gene suppression of Rab11a or Rab25 has no detectable effect on basolateral recycling of Tf-R. Online supplemental material is available at <http://www.jcb.org/cgi/content/full/jcb.200809122/DC1>.
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